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A B S T R A C T 

Persistent HPV infection drives carcinogenesis via E6/E7 targeting p53 and Rb 
inactivation; loss of the p16 gatekeeper amplifies cellular susceptibility to HPV 
integration, rapidly accelerating progression toward invasive disease, defining 
critical targets for therapeutic precision and risk stratification. This narrative 
review rigorously synthesized literature from PubMed, Scopus, and other 
databases using combined MeSH terms and keywords like “cervical cancer” 
AND “HPV” AND “p16 expression,” filtering for English-language, full-text 
articles indexed before January 2026, explicitly excluding editorials and non-
human studies via initial screening followed by full-text assessment focused 
solely on molecular pathogenesis linking viral oncogenesis to host cell cycle 
control in precursor lesions. High-risk HPV infection drives cervical 
carcinogenesis through E6 and E7 oncogenes, which degrade p53 and 
inactivate Rb, leading to uncontrolled proliferation reflected by compensatory 
p16 overexpression, a robust biomarker for high-grade disease. Viral 
integration is a critical step, often disrupting host genes like CDKN2A while 
locking in high E6/E7 expression, creating genomic instability. Clinically, p16 
status helps triage positive HPV tests to identify high-risk lesions; while 
CDK4/6 inhibitors offer therapeutic avenues, primary vaccination remains the 
definitive strategy by eliminating the initiating oncogenic stimulus. 

  

 

 
Introduction 
Cervical cancer, a significant global health concern, 

remains a leading cause of cancer-related mortality among 

women worldwide. While progress in screening and 

vaccination programs has demonstrably reduced the 

incidence of cervical cancer caused by Human 

Papillomavirus (HPV), a substantial burden persists, 

particularly in resource-limited settings. Understanding 

the intricate interplay of molecular alterations driving 

cervical carcinogenesis is paramount for developing more 

effective prevention, diagnosis, and therapeutic strategies 

(1). This review delves into the critical relationship 

between the loss of retinoblastoma protein (p16) and its 

downstream target, the retinoblastoma protein (Rb), and 

the integration of HPV DNA within precursor lesions of 

the cervix. We will explore the molecular mechanisms 

underlying this complex interaction, its role in promoting 

cellular transformation, and its implications for risk 

stratification and personalized treatment approaches 

(2).The pathogenesis of cervical cancer is a multistep 

process, typically initiated by persistent infection with 

high-risk HPV types, primarily HPV16 and HPV18. 

These oncogenic HPV types encode proteins, notably E6 

and E7, which disrupt crucial cellular regulatory 

pathways, driving uncontrolled cell proliferation and 

ultimately leading to malignant transformation (3). The E6 

protein binds to and ubiquitinates p53, a key tumor 

suppressor protein known as the “guardian of the 

genome.” This ubiquitination targets p53 for proteasomal 

degradation, effectively silencing its tumor suppressor 

functions, including cell cycle arrest, apoptosis, and DNA 

repair (4). Concurrently, the E7 protein binds to and 

inactivates Rb, a critical regulator of the G1/S cell cycle 

transition. Rb normally binds to transcription factors like 

E2F, preventing their activation and thereby halting cell 

cycle progression (5). When Rb is phosphorylated by 

cyclin-dependent kinases (CDKs) upon E7 inactivation, 

E2F is released, enabling the transcription of genes 

required for S-phase entry and promoting uncontrolled 

proliferation (6). 

The inactivation of both p53 and Rb represents a pivotal 

event in cervical carcinogenesis. Loss of p53 function 

leads to genomic instability, increased mutation rates, and 

impaired DNA repair mechanisms, further accelerating 

the accumulation of oncogenic alterations. Rb inactivation 

removes a critical brake on the cell cycle, allowing cells 

with accumulated DNA damage to proliferate unchecked 

(7). The synergistic effects of p53 and Rb inactivation 
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 create a permissive cellular environment for further 

genomic alterations, ultimately driving the progression 

from precancerous lesions to invasive cancer (8). 

While HPV E6 and E7 proteins exert a dominant influence 

on cervical carcinogenesis, the cellular context plays a 

significant role in shaping the disease trajectory. A 

particularly important aspect of this context involves the 

expression and function of p16INK4a, a cyclin-dependent 

kinase inhibitor that acts as a critical gatekeeper at the 

G1/S checkpoint (9). p16INK4a binds to and inhibits 

CDK4 and CDK6, preventing the phosphorylation of Rb 

and thus maintaining Rb’s tumor suppressor function. 

Loss of p16INK4a expression, often due to epigenetic 

silencing through promoter hyper methylation, results in 

Rb hyper phosphorylation and subsequent E2F activation, 

contributing significantly to uncontrolled cell 

proliferation in cervical precursor lesions (10). The loss of 

p16, therefore, creates a “perfect storm” for malignant 

transformation, amplifying the effects of E6 and E7(11). 

The interplay between p16/Rb loss and HPV integration is 

complex and bidirectional. The integration of HPV DNA 

into the host genome can directly disrupt the expression of 

tumor suppressor genes, including p16. Integration at 

specific genomic loci can lead to the physical disruption 

of the p16 gene, preventing its transcription (12). 

Furthermore, HPV integration can activate oncogenes or 

disrupt the function of other tumor suppressor pathways, 

indirectly contributing to p16 loss. Conversely, loss of p16 

can create a cellular environment more susceptible to HPV 

integration (13). The disruption of the G1/S checkpoint by 

p16 loss increases genomic instability and allows for more 

efficient integration of HPV DNA, further accelerating the 

carcinogenic process (14). 

The significance of p16/Rb loss and HPV integration 

extends beyond the development of precancerous lesions. 

These alterations are also predictive of disease 

progression and response to therapy. Patients with cervical 

cancer exhibiting loss of p16 expression or high levels of 

HPV integration often have a poorer prognosis (15). 

Moreover, the presence of p16 loss can influence the 

response to certain chemotherapeutic agents. 

Understanding these complex interactions is critical for 

developing targeted therapies that can effectively address 

the molecular drivers of cervical cancer (16). 

This review will delve deeper into the molecular 

mechanisms linking p16/Rb loss and HPV integration, 

exploring the epigenetic and genetic factors that 

contribute to these alterations. We will discuss the role of 

various signaling pathways, including those involving 

cyclin-dependent kinases, and the impact of these 

alterations on cell cycle regulation, DNA repair (17), and 

apoptosis. Furthermore, we will examine the clinical 

implications of p16/Rb loss and HPV integration, focusing 

on their prognostic value, their role in treatment response, 

and their potential as therapeutic targets (18).  

 

Material and methods 

This narrative review systematically gathered relevant 

literature by querying major electronic bibliographic 

databases, including PubMed/MEDLINE, Scopus, Web 

of Science, and Google Scholar. The search strategy 

employed a combination of medical subject headings 

(MeSH terms) and free-text keywords to maximize 

capture of relevant studies pertaining to cervical 

carcinogenesis, HPV oncogenes (E6/E7), p16, and the Rb 

pathway. Specific search strings included combinations 

such as: “cervical cancer” AND “HPV” AND “p16 

expression,” “HPV E7” AND “Rb degradation,” and 

“CIN” AND “p16/Rb axis.” Only articles published in the 

English language, with full-text availability, and indexed 

before January 1, 2026, were considered for inclusion. 

Exclusion criteria primarily involved case reports, 

editorials, non-peer-reviewed abstracts lacking full 

methodology, and studies focusing exclusively on non-

human models or vaccines without detailing molecular 

pathogenesis.  

 

Results 

p16/Rb Pathway Dysregulation in Cervical Precursor 

Lesions 

Cervical cancer remains a significant global health 

disparity, persisting as a leading cause of cancer-related 

mortality, particularly in low- and middle-income 

countries, despite the existence of effective prophylactic 

vaccines. The overwhelming causality in virtually all 

cervical cancer cases is directly attributable to persistent 

infection by high-risk human papillomavirus types, most 

notably HPV-16 and HPV-18(19). The progression from 

initial hrHPV infection to the development of high-grade 

squamous intraepithelial lesions, or cervical intraepithelial 

neoplasia grade 3, and ultimately invasive carcinoma, 

constitutes a well-defined, multi-step carcinogenic 

cascade. This process is fundamentally driven by the 

integration of the viral genome into the host cell’s DNA, 

leading to the constitutive expression of two primary 

oncogenes: E6 and E7(20). These viral proteins act as 

master disruptors of essential host cell cycle and apoptotic 

machinery. E6 targets the tumor suppressor p53 for 

proteasomal degradation, thereby abrogating cell cycle 

arrest and apoptosis in response to DNA damage. 

Concurrently, E7 targets the retinoblastoma protein Rb, 

the gatekeeper of the G1 to S phase transition. By binding 

Rb and promoting its degradation, E7 effectively releases 

the E2F transcription factors, forcing the cell into 

uncontrolled proliferation a state termed oncogene-

induced replication stress (21). The critical diagnostic and 

prognostic hallmark reflecting this disruption in the Rb 

pathway is the dramatic and sustained upregulation of the 

CDKN2A-encoded protein p16INK4a. In an effort to 

compensate for E7-mediated Rb inactivation, the cell 

overproduces p16, which serves as a robust surrogate 

biomarker for active high-risk HPV oncogene expression 

and definitive histologic transformation, making p16 

immunohistochemistry a cornerstone in assessing the 

biological significance of underlying HPV infection in 

precursor lesions (22) (figure 1). 

 

 
Figure 1. cervical carcinogenesis pathway 

 



 

119 

 

Med. Psychol. Health Res. J. (2026), Volume 2, Issue 2, 117-124 
 

 The central premise of current research in cervical 

carcinogenesis pivots on the precise molecular dialogue 

between these viral drivers and the hosts genetic response, 

specifically focusing on the p16/Rb axis within the context 

of viral integration. While p16 overexpression serves as 

an excellent marker for established hrHPV activity, the 

mechanistic depth required for precision diagnostics 

necessitates a deeper interrogation of the host-pathogen 

interface (23). Therefore, the objective of this 

investigation is to meticulously examine the reciprocal 

relationship between the functional status of the p16/Rb 

pathway and the molecular events associated with HPV 

genome integration in CIN lesions. Specifically, we aim 

to correlate patterns of p16 expression, which indicate the 

degree of Rb pathway perturbation, with the physical state 

of the HPV DNA namely, whether it remains episomal or 

becomes integrated across the spectrum of pre-invasive 

disease (24). Understanding how the intensity of E6/E7 

activity translates into the magnitude of p16 induction and 

whether p16 integrity can predict the transition toward 

stable, high-risk integration will provide refined criteria 

for triaging patients with persistent HPV positivity (25). 

 

The Viral Oncogenic Mechanism: HPV E6 and E7 

Functions 

The oncogenic potential of high-risk Human 

Papillomaviruses (HPV), particularly types 16 and 18, is 

fundamentally mediated by the sustained expression of 

two key viral proteins: E6 and E7, which act in concert to 

subvert critical host cell cycle checkpoints and apoptotic 

pathways. The E6 protein executes its primary 

transforming function through the targeted degradation of 

the tumor suppressor protein p53, often referred to as the 

guardian of the genome. E6 achieves this by binding 

directly to the cellular ubiquitin ligase E6AP (UBE3A), 

forming a complex that recognizes p53 as a substrate for 

proteasomal destruction (26). This binding event bypasses 

the normal regulatory mechanisms that stabilize p53 in 

response to cellular stress, DNA damage, or oncogenic 

signaling. The resulting dramatic decrease in functional 

p53 levels abolishes the cell’s ability to enforce cell cycle 

arrest at the G1/S or G2/M checkpoints, prevents DNA 

repair processes dependent on p53 transcriptional activity, 

and crucially, inhibits p53-mediated apoptosis in the 

presence of accumulating genomic aberrations (27). The 

loss of p53 function licenses the cell to continue 

proliferation despite significant genotoxic stress, 

establishing the first critical component of cellular 

immortalization and genomic instability necessary for 

malignant progression. Furthermore, E6 has been shown 

to interact with other cellular targets, including PDZ 

domain-containing proteins, contributing to disruption of 

cell polarity and enhanced telomerase activity, though its 

central role remains the unchecked elimination of p53 

(28). 

The second, equally vital component of the HPV 

oncogenic mechanism is executed by the E7 protein, 

which specifically targets the Retinoblastoma protein 

(Rb), the master regulator of the G1 to S phase transition. 

E7 binds to the pocket domain of the Rb protein with high 

affinity. This binding event mimics the action of host-cell 

cyclin-dependent kinases (CDKs) that normally 

phosphorylate Rb in late G1. Phosphorylation of Rb 

causes its conformational change, leading to its 

dissociation from the E2F family of transcription factors 

(29). In the context of E7-mediated inactivation, the 

binding of E7 directly sequesters Rb or promotes its 

degradation, effectively liberating the bound E2F 

transcription factors. Free E2F then translocates to the 

nucleus to drive the transcription of genes essential for 

DNA synthesis and cell cycle progression, such as cyclins 

E and A, DHFR, and CDC2. By constitutively activating 

the E2F pathway, E7 forces the cell into the S phase, 

independent of external growth signals, thereby 

overriding the primary brake on cellular division. The 

synergistic effect of E6 neutralizing p53 preventing 

apoptosis in response to hyper proliferation and E7 

liberating E2F driving hyper proliferation constitutes the 

prototypical “Double Hit” hypothesis against major tumor 

suppressor pathways (figure 2) (30). This dual disruption 

of the p53 and Rb axes provides the fundamental 

molecular underpinning for the uncontrolled cellular 

growth and accumulation of damage characteristic of 

HPV-driven carcinogenesis, particularly in precursor 

lesions like Cervical Intraepithelial Neoplasia (CIN) (31). 

 

 
Figure 2. HPV E6/E7 double-hit mechanism 

 

The Host Cell Cycle Regulator: p16INK4a and Rb 

Pathway 

The p16INK4a protein serves as an indispensable 

guardian of the host cell cycle, operating upstream of the 

Retinoblastoma (Rb) protein within the critical G1 

restriction point mechanism. Functionally, p16INK4a is a 

potent cyclin-dependent kinase inhibitor (CKI) belonging 

to the INK4 family, specifically designed to inhibit the 

activity of CDK4 and CDK6 complexes. These kinases, 

when active and bound to Cyclin D, are responsible for 

initiating the hyper phosphorylation cascade targeting the 

Rb protein (32). In its normal, unperturbed state, the cell 

maintains sufficient p16INK4a expression, which 

sequesters and inactivates CDK4/6. This sustained 

inhibition prevents the phosphorylation of Rb, thereby 

maintaining Rb in its active, hypo phosphorylated state. In 

this active configuration, Rb tightly binds to and 

sequesters the E2F family of transcription factors, 

effectively halting the transcription of genes required for 

DNA replication and entry into the S phase (33). This 

checkpoint acts as a crucial fail-safe, ensuring that the cell 

only proceeds into proliferation when appropriate growth 

signals are present and the genome is intact. The 

preservation of Rb in its active, growth-repressive 

conformation, mandated by functional p16INK4a, is 

therefore paramount for preventing premature cell cycle 

entry and the propagation of genomic errors. The 

pathway’s integrity is constantly challenged by oncogenic 
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 stressors, such as uncontrolled expression of cyclins or 

viral oncoproteins, making the status of p16INK4a 

expression a critical determinant of cellular fate; its 

functional loss removes the primary inhibitory constraint 

on CDK4/6 and thus unleashes E2F-driven transcription, 

overriding the G1 safeguard (34). 

In the context of precancerous lesions, such as those 

induced by high-risk HPV, the integrity of this regulatory 

axis is frequently compromised through various 

mechanisms that lead to the functional inactivation or loss 

of p16INK4a expression, often preceding or 

accompanying the direct action of viral proteins like E7. 

While HPV E7 directly binds and inactivates Rb, 

rendering p16INK4a somewhat redundant for immediate 

G1 release, the independent epigenetic silencing of the 

CDKN2A locus which encodes p16INK4a represents a 

convergent and highly significant pathway for tumor 

progression, particularly in later stages or in other cancer 

types that mimic HPV-driven events (35). The primary 

mechanism for this functional loss is hyper methylation of 

the p16INK4a promoter region, an epigenetic 

modification that leads to transcriptional repression and 

subsequent absence of the protein. Additionally, 

homozygous deletions or large-scale genomic loss events 

encompassing the CDKN2A locus on chromosome 9p21 

result in complete gene ablation (36). The loss of 

p16INK4a function, regardless of the upstream cause 

(HPV-independent mutation or methylation), results in the 

constitutive activation of CDK4/6, leading to Rb hyper 

phosphorylation, E2F release, and uncontrolled cell cycle 

progression. Immunohistochemically detection of p16 

accumulation, paradoxically, is often used as a surrogate 

marker for high-risk HPV infection because the viral E7 

protein inactivates Rb, which in turn triggers a 

compensatory feedback loop leading to the 

overexpression of p16 in many precursor lesions, although 

true loss of function via methylation or deletion represents 

a more definitive, HPV-independent oncogenic event 

driving tumor maintenance (37). 

 

Viral Integration and Genomic Instability 

The integration of the high-risk Human Papillomavirus 

(HPV) DNA into the host cell genome represents a 

critical, non-reversible transition point in the trajectory 

from low-grade cervical intraepithelial neoplasia (CIN 1) 

to high-grade lesions (CIN 2/3) and invasive carcinoma. 

This event, which occurs in approximately 80% of 

invasive cervical cancers, fundamentally alters the viral 

life cycle; the viral genome is fractured, leading to the loss 

of the upstream regulatory E2 gene, which normally 

represses the transcription of the oncogenes E6 and 

E7(38). A particularly consequential effect is the direct 

interruption or dysregulation of host genes located near 

the integration site, most notably the CDKN2A locus 

encoding the tumor suppressor p16INK4a. When HPV 

integrates near or into this critical gene, the structural 

damage can lead to its functional inactivation, thereby 

contributing synergistically to the loss of G1 checkpoint 

control initiated by viral oncoproteins (39). Furthermore, 

the insertion often places the remaining E6/E7 expression 

cassette under the control of strong, constitutively active 

host cell promoters, leading to massive overexpression of 

these oncogenes, which surpasses the levels typically seen 

in episomal infections where viral gene expression is 

tightly regulated by the viral enhancer/promoter system. 

This elevation in E6 and E7 activity is the molecular 

engine driving malignant transformation (40). 

The persistent, high-level expression of the HPV 

oncoproteins E6 and E7 following integration directly 

dictates the severity and progression potential of the lesion 

by overwhelming the host cell’s natural defense 

mechanisms. The E7 oncoprotein’s primary and most 

potent function is the binding and subsequent proteasomal 

degradation of the Rb protein, effectively neutralizing its 

ability to sequester E2F transcription factors. With Rb 

functionally eliminated, the cell is perpetually driven into 

S phase, regardless of external signals or the presence of 

DNA damage, creating a state of unchecked proliferation 

that defines high-grade dysplasia (41). Concurrently, E6 

targets the p53 tumor suppressor for ubiquitin-mediated 

degradation, abrogating the critical G1/S and G2/M 

checkpoints that would normally halt cell division in 

response to DNA damage or cellular stress damage that is 

exacerbated by the integration process itself and the 

resulting genomic chaos. Therefore, HPV integration 

serves as a dual-hit event: it creates new genetic 

vulnerabilities by disrupting host genes and 

simultaneously locks in the expression of viral factors 

(E6/E7) at high levels that guarantee the inactivation of 

both the Rb and p53 pathways (42). This sustained, 

aggressive subversion of the two major tumor suppression 

networks explains why integration marks the transition to 

irreversible malignancy, as the cells gain the hallmark 

capabilities of uncontrolled growth and resistance to 

apoptosis necessary for invasive behavior (43) (figure 3). 

 
Figure 3. HPV integration and the Double Hit oncogenic mechanism 

 

The Interplay: Synergistic Effects in Precursor 

Lesions 

The progression from persistent human papillomavirus 

(HPV) infection to invasive cervical cancer is not a single 

event but a cascade of molecular dysregulations, where 

the failure to adequately suppress viral oncogenes acts 

synergistically with host cell vulnerabilities. A crucial 

element in this progression is the functional status of the 

p16INK4a tumor suppressor. While HPV integration, as 

previously discussed, often directly causes p16 loss 

through genetic disruption, the functional inactivation of 

the p16/Rb axis can begin even before complete 

integration, during the early phases of high-grade cervical 

intraepithelial neoplasia (CIN 1) where the viral genome 

exists episomally. In these early stages, high expression of 

E7 can saturate the host’s Rb capacity, even if p16 levels 

are near normal, leading to increased E2F release (44). 

However, a partial or early suppression of p16 expression, 

perhaps due to promoter methylation or epigenetic 

silencing distinct from viral integration, significantly 

lowers the threshold for sustained cell cycle deregulation. 

The reduced availability of p16 means that fewer CDK4/6 

complexes are inhibited, leaving the cell more susceptible 

to the proliferative drive imposed by E7(45). More 
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 importantly, the impairment of p16 function destabilizes 

the host cell’s response to the genetic damage caused by 

integrating viral DNA. Cells with diminished p16 

surveillance are less capable of enforcing a stable cell 

cycle arrest when HPV integration introduces 

chromosomal breaks or disrupts host genes, thereby 

promoting the survival and clonal expansion of cells that 

have undergone integration, accelerating the transition 

from CIN 2 to CIN 3 and invasive disease (46). 

The clinical utility of understanding this interplay is most 

evident in pathological assessment through 

immunohistochemically staining for p16. In the context of 

cervical screening, strong, diffuse nuclear and 

cytoplasmic positivity for p16 serves as a robust surrogate 

biomarker for the biologically active presence of high-risk 

HPV oncogenes (E6/E7). In normal or transiently infected 

squamous epithelium, p16 staining is typically sparse or 

negative. Conversely, in precursor lesions where HPV is 

actively driving cell proliferation regardless of whether 

the viral genome is episomal or integrated the 

compensatory cellular response to E7-mediated Rb 

inactivation leads to a massive, detectable upregulation of 

p16(47). Therefore, the level of p16 expression directly 

correlates with the stage of neoplastic evolution: negative 

staining suggests a low-risk infection or transient 

infection, focal positivity is often seen in low-grade 

lesions, whereas diffuse and intense positivity is highly 

characteristic of high-grade lesions (CIN 2 and CIN 3) 

which harbor sustained, high-level oncogene expression. 

This strong correlation confirms that p16 overexpression 

is a consequence of active oncogenic signaling that 

precedes or accompanies the genomic instability 

associated with integration, making it an indispensable 

tool for differentiating clinically significant, persistent 

precursor lesions from benign changes (48). 

 

Clinical and Diagnostic Implications 

The integration of human papillomavirus (HPV) 

oncogenes (E6/E7) and the subsequent functional 

disruption of the p16/Rb pathway have profound 

implications for the clinical management and diagnostic 

stratification of cervical lesions. The interpretation of 

positive HPV test results, particularly in screening 

algorithms involving women over 30 years of age, often 

presents an ambiguity regarding the persistence and 

biological aggressiveness of the infection. Here, the 

quantitative or qualitative assessment of p16 expression 

provides essential context to resolve this uncertainty. 

When molecular testing indicates the presence of high-

risk HPV DNA a finding that includes both transient, self-

clearing infections and true persistent oncogenic processes 

the concurrent analysis of p16 provides essential context 

(49). A strong, diffuse positive result for p16 

immunohistochemistry signifies that the viral oncogenes 

are actively driving cell cycle progression by 

overwhelming the Rb pathway. This active oncogenic 

state is strongly associated with true underlying high-

grade precursor lesions (CIN 2 or higher) that possess a 

significant risk of malignant progression, irrespective of 

the initial HPV genotype or the exact HPV viral load 

detected. Conversely, HPV positivity in the absence of 

p16 overexpression suggests that the virus is largely 

episomal, latent, or that the cellular machinery is capable 

of effectively neutralizing the immediate oncogenic 

pressure, often classifying the finding as one associated 

with transient infection or low-grade abnormalities that 

rarely progress. Consequently, using p16 as a triage 

marker alongside primary HPV testing enhances the 

specificity of colposcopy referral, reducing unnecessary 

procedures for women with clinically insignificant 

infections while prioritizing those with biologically 

significant disease progression risk (50). Beyond initial 

triage, the status of p16 serves as a potent prognostic 

biomarker for predicting the natural history and potential 

advancement of confirmed precursor lesions. In situations 

where a biopsy reveals low-grade squamous 

intraepithelial lesions (LSIL), the presence of high p16 

expression within the epithelial layer is a significant 

predictor that the lesion harbors underlying high-grade 

cytology or histology that may have been missed on initial 

sampling. This finding mandates closer follow-up or 

immediate escalation of management, as the molecular 

signature indicates an established oncogenic mechanism 

is at play, pushing the cells toward invasive carcinoma 

(51). Furthermore, the molecular landscape that includes 

high p16 expression is intrinsically linked to the tumor 

microenvironment and immune evasion mechanisms. 

High levels of p16 positivity are often observed 

concurrently with the infiltration of immune cells, such as 

cytotoxic T lymphocytes (CTLs), indicating that the 

body’s immune system recognizes the transformed cells 

as abnormal and mounts an immune response. However, 

the very mechanisms of HPV carcinogenesis, particularly 

the sustained overexpression of E6 and E7, are known to 

induce a state of localized immunosuppression (52). E6 

promotes the degradation of p53, which is essential for 

initiating effective apoptotic responses to immune 

surveillance, and E7 alters the expression of various 

immune recognition molecules. Therefore, while p16 

staining acts as a visual marker of the oncogenic drive, the 

concurrent state of the microenvironment characterized by 

this immune response alongside viral evasion tactics 

determines the ultimate fate of the lesion, with persistent 

high p16 expression signaling a tumor that has 

successfully bypassed immune clearance mechanisms to 

sustain proliferation (53). 

 

Therapeutic Opportunities 

The integration of viral oncoproteins E6 and E7 namely 

the inactivation of p53 and Rb respectively present 

compelling, yet challenging, targets for therapeutic 

intervention in established cervical neoplasia. Given the 

success of CDK4/6 inhibitors such as palbociclib, 

ribociclib, and abemaciclib in treating hormone receptor-

positive breast cancers by arresting the cell cycle at the G1 

phase, a logical therapeutic hypothesis involves 

repurposing these agents in HPV-positive cervical 

cancers, where the Rb pathway is constitutively 

deactivated by E7(54). These inhibitors function by 

blocking the kinases (CDK4/6) that normally hyper 

phosphorylate Rb, thereby preventing the release of E2F 

transcription factors and halting uncontrolled 

proliferation. While E7’s primary mechanism bypasses 

the direct requirement for CDK4/6 activity to 

phosphorylate Rb by binding to and destabilizing Rb 

itself, these inhibitors may still offer benefit by targeting 

alternative CDK pathways or by modulating the cellular 

environment that E7 has created. Preclinical studies have 

explored this concept, sometimes demonstrating 

synergistic effects when CDK4/6 inhibitors are combined 

with agents that target other viral or host survival 

pathways, such as those regulating p53 activity or overall 

proteasomal degradation. Furthermore, research into 

restoring p53 function or directly degrading the E6 
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 oncoprotein offers a more upstream approach to reversing 

the oncogenic cascade (55). Direct targeting of E7 remains 

a significant hurdle due to the compact nature and diverse 

binding surfaces of this protein, but therapeutic strategies 

focusing on inhibiting the E7-Rb interaction via small 

molecule antagonists or novel peptide inhibitors are areas 

of active preclinical exploration. Ultimately, any 

successful therapy must overcome the resistance 

mechanisms inherent in established, often genomically 

unstable tumors, and address the immune evasion 

signature that allows these cancers to flourish despite 

localized immune surveillance (56). 

However, the most profound and unequivocally 

successful intervention against HPV-driven 

carcinogenesis is not therapeutic but preventive. The 

development and widespread implementation of 

prophylactic HPV vaccines represent a monumental 

achievement in oncology, shifting the paradigm from 

treatment of invasive disease to the primary prevention of 

infection itself. These vaccines, targeting the highly 

immunogenic minor capsid protein L1 of oncogenic HPV 

types (most notably types 16 and 18), elicit robust, long-

lasting humoral and cellular immune responses that 

prevent initial infection of the basal epithelial cells of the 

cervix, anus, and oropharynx. High vaccination coverage 

rates have already demonstrated a significant decline in 

the prevalence of high-risk HPV types and a 

corresponding reduction in the incidence of high-grade 

precancerous lesions (CIN 2/3) in vaccinated cohorts. This 

strategy effectively cuts off the initial oncogenic stimulus 

the persistent infection by E6/E7-expressing viruses 

thereby negating the entire subsequent cascade involving 

p53 degradation, Rb inactivation, and genomic instability. 

While therapeutic agents crucial for managing the existing 

burden of cervical cancer and precancerous lesions that 

occur in unvaccinated or inadequately screened 

populations, the continued global commitment to 

vaccination programs, coupled with effective secondary 

screening strategies for older populations, remains the 

most cost-effective and ethically sound approach to 

achieving the eventual elimination of cervical cancer as a 

public health problem. 

 

Discussion 

The most robust strategy against human papillomavirus 

associated cervical cancer remains primary prevention 

through widespread vaccination, which targets the capsid 

proteins L1 of the most oncogenic HPV types, preventing 

initial infection and subsequent oncogenic progression, a 

success story in public health that dramatically reduces the 

pool of susceptible individuals entering the high-risk 

category for precursor lesion development. However, for 

those individuals who harbor established high-grade 

lesions or already exhibit invasive cancer where E6 and 

E7 expression is driven by integrated viral DNA, targeted 

therapeutic interventions are essential, necessitating the 

direct neutralization of the viral oncoproteins or the 

restoration of cell cycle control. A highly promising 

avenue involves repurposing pharmaceutical agents 

known to be effective in other malignancies where cell 

cycle dysregulation is central, most notably CDK4/6 

inhibitors such as palbociclib, ribociclib, and abemaciclib. 

These agents function by restoring the inhibitory brake on 

the cell cycle by binding to and inactivating the CDK4/6 

kinases, thereby preventing the hyper phosphorylation of 

Rb irrespective of the presence of the E7 oncoprotein, 

forcing the cell back into a quiescent state or triggering 

senescence or apoptosis in high-risk clones that have 

become entirely dependent on the E7-driven Rb 

inactivation. Clinical trials involving these inhibitors in 

recurrent or metastatic cervical cancer, particularly that 

demonstrating high p16 expression confirming active 

pathway dependence, are actively underway to determine 

optimal dosing schedules and combination therapies, 

potentially overcoming the inherent resistance 

mechanisms that might arise from concurrent p53 loss. 

Further innovative strategies explore direct targeting of 

the viral oncogenes themselves, including the 

development of siRNA therapies designed to degrade the 

E6/E7 messenger RNA transcripts or small molecules 

capable of disrupting the binding interface between E7 

and Rb. These approaches aim for a molecular cure by 

effectively silencing the viral engine driving the entire 

malignant process, offering hope for salvaging patients 

where conventional surgery or chemo radiation has failed 

to achieve complete disease eradication. The integration 

of these therapeutic advances with ongoing screening 

efforts and continued vaccination coverage forms the 

comprehensive framework for ultimately eliminating 

cervical cancer as a significant public health threat (56). 

 

Conclusion 

In conclusion, the trajectory of human papillomavirus 

driven cervical carcinogenesis underscores a dual pathway 

toward malignancy control: aggressive primary 

prevention and targeted molecular therapy. The 

monumental success of vaccination, by eliminating the 

initial oncogenic stimulus generated by the E6 and E7 

oncoproteins, remains the foremost public health triumph, 

dramatically reducing the incidence of precursor lesions 

and subsequent invasive disease by eliminating the viral 

reservoir. Concurrently, for established or refractory 

cancers where viral integration has locked the cell cycle 

machinery into proliferation via E7-mediated Rb 

inactivation, targeted pharmacological interventions 

represent a critical secondary defense line. The clinical 

exploration of CDK4/6 inhibitors offers a rational 

therapeutic strategy, effectively bypassing the upstream 

viral manipulation to restore the tumor-suppressive 

functions of the Rb pathway, particularly in tumors 

exhibiting high p16 expression that signals dependence on 

this axis. As research advances toward direct 

neutralization of the viral transcripts or oncogene 

interaction sites, the ultimate goal is to solidify a 

therapeutic landscape where primary prevention 

minimizes need, while precision oncology offers 

definitive management options for breakthrough or 

persistent disease, ensuring cervical cancer moves 

definitively toward eradication across global health 

agendas. 

 

Acknowledgments  

All authors of this article confirm the authenticity of the 

manuscript. 

 

Conflicts of interest 

The authors declare that they have no competing interests.  

 

 Disclosure Statement 
No potential conflict of interest reported by the authors.  

 

Funding 



 

123 

 

Med. Psychol. Health Res. J. (2026), Volume 2, Issue 2, 117-124 
 

 This research did not receive any specific grant from 

funding agencies in the public, commercial, or not-for-

profit sectors.  

 

Authors' Contributions 
All authors contributed to data analysis, drafting, and 

revising of the paper and agreed to be responsible for all 

the aspects of this work. 

 

References 

[1] Xiong Y, Zhang H, Beach D. Subunit rearrangement 

of the cyclin-dependent kinases is associated with cellular 

transformation. Genes Dev. 1993; 7:1572-83.  

[2] Serrano M, Hannon GJ, Beach D. A new regulatory 

motif in cell-cycle control causing specific inhibition of 

cyclin D/CDK4. Nature. 1993; 366:704-7.  

[3] Russo AA, Tong L, Lee JO, Jeffrey PD, Pavletich NP. 

Structural basis for inhibition of the cyclin-dependent 

kinase Cdk6 by the tumour suppressor p16INK4a. Nature. 

1998; 395:237-43.  

[4]  Sherr CJ, Roberts JM. CDK inhibitors: positive and 

negative regulators of G1-phase progression. Genes Dev. 

1999; 13:1501-12.  

[5] Sherr CJ, Matsushime H, Roussel MF. Regulation of 

CYL/cyclin D genes by colony-stimulating factor 1. Ciba 

Found Symp. 1992; 170:209-19, discussion 219-26.  

[6] Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glycogen 

synthase kinase-3beta regulates cyclin D1 proteolysis and 

subcellular localization. Genes Dev. 1998; 12:3499-511.  

[7]  Kato J, Matsushime H, Hiebert SW, Ewen ME, Sherr 

CJ. Direct binding of cyclin D to the retinoblastoma gene 

product (pRb) and pRb phosphorylation by the cyclin D-

dependent kinase CDK4. Genes Dev. 1993; 7:331-42.  

[8] Matsushime H, Ewen ME, Strom DK, Kato JY, Hanks 

SK, Roussel MF, et al. Identification and properties of an 

atypical catalytic subunit (p34PSK-J3/cdk4) for 

mammalian D type G1 cyclins. Cell. 1992; 71:323-34.  

[9] Knudsen ES, Knudsen KE. Retinoblastoma tumor 

suppressor: where cancer meets the cell cycle. Exp Biol 

Med (Maywood) 2006; 231:1271-81.  

[10] Blais A, Dynlacht BD. E2F-associated chromatin 

modifiers and cell cycle control. Curr Opin Cell Biol. 

2007; 19:658-62.  

[11] Morris EJ, Dyson NJ. Retinoblastoma protein 

partners. Adv Cancer Res. 2001; 82:1-54.  

[12] Burkhart DL, Sage J. Cellular mechanisms of 

tumour suppression by the retinoblastoma gene. Nat Rev 

Cancer. 2008; 8:671-82.  

[13] Knudsen ES, Wang JY. Dual mechanisms for the 

inhibition of E2F binding to RB by cyclin-dependent 

kinase-mediated RB phosphorylation. Mol Cell Biol. 

1997; 17:5771-83.  

[14] Knudsen ES, Buckmaster C, Chen TT, Feramisco 

JR, Wang JY. Inhibition of DNA synthesis by RB: effects 

on G1/S transition and S-phase progression. Genes Dev. 

1998; 12:2278-92.  

[15] Medema RH, Herrera RE, Lam F, Weinberg RA. 

Growth suppression by p16ink4 requires functional 

retinoblastoma protein. Proc Natl Acad Sci U S A. 1995; 

92:6289-93.  

[16] Lukas J, Parry D, Aagaard L, Mann DJ, Bartkova J, 

Strauss M, et al. Retinoblastoma-protein-dependent cell-

cycle inhibition by the tumour suppressor p16. Nature. 

1995; 375:503-6.  

[17] Chien WW, Domenech C, Catallo R, Salles G, 

Ffrench M. S-phase lengthening induced by p16(INK4a) 

overexpression in malignant cells with wild-type pRb and 

p53. Cell Cycle. 2010; 9:3286-96.  

[18] Nobori T, Miura K, Wu DJ, Lois A, Takabayashi K, 

Carson DA. Deletions of the cyclin-dependent kinase-4 

inhibitor gene in multiple human cancers. Nature. 1994; 

368:753-6.  

[19] Kamb A, Gruis NA, Weaver-Feldhaus J, Liu Q, 

Harshman K, Tavtigian SV, et al. A cell cycle regulator 

potentially involved in genesis of many tumor types. 

Science. 1994; 264:436-40.  

[20] Liggett WH, Jr., Sidransky D. Role of the p16 tumor 

suppressor gene in cancer. J Clin Oncol. 1998; 16:1197-

206.  

[21] Ranade K, Hussussian CJ, Sikorski RS, Varmus 

HE, Goldstein AM, Tucker MA, et al. Mutations 

associated with familial melanoma impair p16INK4 

function. Nat Genet. 1995; 10:114-6.  

[22] Aagaard L, Lukas J, Bartkova J, Kjerulff AA, 

Strauss M, Bartek J. Aberrations of p16Ink4 and 

retinoblastoma tumour-suppressor genes occur in distinct 

sub-sets of human cancer cell lines. Int J Cancer. 1995; 

61:115-20.  

[23] Wölfel T, Hauer M, Schneider J, Serrano M, Wölfel 

C, Klehmann-Hieb E, et al. A p16INK4a-insensitive 

CDK4 mutant targeted by cytolytic T lymphocytes in a 

human melanoma. Science. 1995; 269:1281-4.  

[24] Bartkova J, Rezaei N, Liontos M, Karakaidos P, 

Kletsas D, Issaeva N, et al. Oncogene-induced senescence 

is part of the tumorigenesis barrier imposed by DNA 

damage checkpoints. Nature. 2006; 444:633-7.  

[25] Ressler S, Bartkova J, Niederegger H, Bartek J, 

Scharffetter-Kochanek K, Jansen-Dürr P, et al. 

p16INK4A is a robust in vivo biomarker of cellular aging 

in human skin. Aging Cell. 2006; 5:379-89.  

[26] Serrano M, Lin AW, McCurrach ME, Beach D, 

Lowe SW. Oncogenic ras provokes premature cell 

senescence associated with accumulation of p53 and 

p16INK4a. Cell. 1997; 88:593-602.  

[27] Collado M, Gil J, Efeyan A, Guerra C, 

Schuhmacher AJ, Barradas M, et al. Tumour biology: 

senescence in premalignant tumours. Nature. 2005; 

436:642.  

[28] De Jonge HJ, Woolthuis CM, de Bont ES, Huls G. 

Paradoxical downregulation of p16 mRNA with 

advancing age in acute myeloid leukemia. Aging (Albany, 

NY Online) 2009;1:949-53.  

[29] Michaloglou C, Vredeveld LC, Soengas MS, 

Denoyelle C, Kuilman T, van der Horst CM, et al. 

BRAFE600-associated senescence-like cell cycle arrest of 

human naevi. Nature. 2005; 436:720-4.  

[30] Mendenhall WM, Logan HL. Human 

papillomavirus and head and neck cancer. Am J Clin 

Oncol. 2009; 32:535-9.  

[31] Dyson N, Howley PM, Münger K, Harlow E. The 

human papilloma virus-16 E7 oncoprotein is able to bind 

to the retinoblastoma gene product. Science. 1989; 

243:934-7.  

[32] Münger K, Werness BA, Dyson N, Phelps WC, 

Harlow E, Howley PM. Complex formation of human 

papillomavirus E7 proteins with the retinoblastoma tumor 

suppressor gene product. EMBO J. 1989; 8:4099-105.  

[33] Kelley MJ, Nakagawa K, Steinberg SM, Mulshine 

JL, Kamb A, Johnson BE. Differential inactivation of 

CDKN2 and Rb protein in non-small-cell and small-cell 

lung cancer cell lines. J Natl Cancer Inst. 1995; 87:756-

61.  

10.1101/gad.7.8.1572.
10.1101/gad.7.8.1572.
10.1101/gad.7.8.1572.
10.1038/366704a0.
10.1038/366704a0.
10.1038/366704a0.
10.1038/26155.
10.1038/26155.
10.1101/gad.13.12.1501.
10.1101/gad.13.12.1501.
10.1002/9780470514320.ch13.
10.1002/9780470514320.ch13.
10.1101/gad.12.22.3499.
10.1101/gad.12.22.3499.
10.1101/gad.12.22.3499.
10.1101/gad.7.3.331.
10.1101/gad.7.3.331.
10.1101/gad.7.3.331.
10.1016/0092-8674(92)90360-O.
10.1016/0092-8674(92)90360-O.
10.1016/0092-8674(92)90360-O.
10.1177/153537020623100713.
10.1177/153537020623100713.
10.1016/j.ceb.2007.10.003.
10.1016/j.ceb.2007.10.003.
10.1016/S0065-230X%20(01)82001-7.
10.1016/S0065-230X%20(01)82001-7.
10.1038/nrc2399.
10.1038/nrc2399.
10.1128/mcb.17.10.5771.
10.1128/mcb.17.10.5771.
10.1128/mcb.17.10.5771.
10.1101/gad.12.15.2278.
10.1101/gad.12.15.2278.
10.1073/pnas.92.14.6289.
10.1073/pnas.92.14.6289.
10.1038/375503a0.
10.1038/375503a0.
10.4161/cc.9.16.12600.
10.4161/cc.9.16.12600.
10.4161/cc.9.16.12600.
10.1038/368753a0.
10.1038/368753a0.
10.1126/science.8153634.
10.1126/science.8153634.
10.1200/JCO.1998.16.3.1197.
10.1200/JCO.1998.16.3.1197.
10.1038/ng0595-114.
10.1038/ng0595-114.
10.1038/ng0595-114.
10.1002/ijc.2910610120.
10.1002/ijc.2910610120.
10.1002/ijc.2910610120.
10.1126/science.7652577.
10.1126/science.7652577.
10.1126/science.7652577.
10.1038/nature05268.
10.1038/nature05268.
10.1038/nature05268.
10.1111/j.1474-9726.2006.00231.%20x.
10.1111/j.1474-9726.2006.00231.%20x.
10.1016/S0092-8674(00)81902-9.
10.1016/S0092-8674(00)81902-9.
10.1016/S0092-8674(00)81902-9.
10.1038/436642a.
10.1038/436642a.
10.18632/aging.100096.
10.18632/aging.100096.
10.1038/nature03890.
10.1038/nature03890.
10.1038/nature03890.
10.1097/COC.0b013e31818b8fee.
10.1097/COC.0b013e31818b8fee.
10.1126/science.2537532.
10.1126/science.2537532.
10.1126/science.2537532.
10.1002/j.1460-2075.%201989.tb08594.%20x.
10.1002/j.1460-2075.%201989.tb08594.%20x.
10.1002/j.1460-2075.%201989.tb08594.%20x.
10.1093/jnci/87.10.756.
10.1093/jnci/87.10.756.
10.1093/jnci/87.10.756.


 

124 

 

Med. Psychol. Health Res. J. (2026), Volume 2, Issue 2, 117-124 
 

 [34] Tort F, Bartkova J, Sehested M, Orntoft T, Lukas J, 

Bartek J. Retinoblastoma pathway defects show 

differential ability to activate the constitutive DNA 

damage response in human tumorigenesis. Cancer Res. 

2006; 66:10258-63.  

[35] Puig S, Malvehy J, Badenas C, Ruiz A, Jimenez D, 

Cuellar F, et al. Role of the CDKN2A locus in patients 

with multiple primary melanomas. J Clin Oncol. 2005; 

23:3043-51.  

[36]  Dhomen N, Reis-Filho JS, da Rocha Dias S, 

Hayward R, Savage K, Delmas V, et al. Oncogenic Braf 

induces melanocyte senescence and melanoma in mice. 

Cancer Cell. 2009; 15:294-303.  

[37] Campisi J. Suppressing cancer: the importance of 

being senescent. Science. 2005; 309:886-7.  

[38] Gauthier ML, Berman HK, Miller C, Kozakeiwicz 

K, Chew K, Moore D, et al. Abrogated response to cellular 

stress identifies DCIS associated with subsequent tumor 

events and defines basal-like breast tumors. Cancer Cell. 

2007; 12:479-91.  

[39] Yuan J, Knorr J, Altmannsberger M, Goeckenjan G, 

Ahr A, Scharl A, et al. Expression of p16 and lack of pRB 

in primary small cell lung cancer. J Pathol. 1999; 189:358-

62.  

[40] Subhawong AP, Subhawong T, Nassar H, et al. 

Most basal-like breast carcinomas demonstrate the same 

Rb-/p16+ immunophenotype as the HPV-related poorly 

differentiated squamous cell carcinomas which they 

resemble morphologically. Am J Surg Pathol. 2009; 

33:163-75. 

[41] Kong CS, Narasimhan B, Cao H, Kwok S, Erickson 

JP, Koong A, et al. The relationship between human 

papillomavirus status and other molecular prognostic 

markers in head and neck squamous cell carcinomas. Int J 

Radiat Oncol Biol Phys. 2009; 74:553-61.  

[42] Fakhry C, Westra WH, Li S, Cmelak A, Ridge JA, 

Pinto H, et al. Improved survival of patients with human 

papillomavirus-positive head and neck squamous cell 

carcinoma in a prospective clinical trial. J Natl Cancer 

Inst. 2008; 100:261-9.  

[43] Ang KK, Harris J, Wheeler R, Weber R, et al. 

Human papillomavirus and survival of patients with 

oropharyngeal cancer. N Engl J Med. 2010; 363:24-35.  

[44] Rischin D, Young RJ, Fisher R, Fox SB, Le QT, 

Peters LJ, et al. Prognostic significance of p16INK4A and 

human papillomavirus in patients with oropharyngeal 

cancer treated on TROG 02.02 phase III trial. J Clin 

Oncol. 2010; 28:4142-8.  

[45] Knudsen ES, Wang JY. Targeting the RB-pathway 

in cancer therapy. Clin Cancer Res. 2010; 16:1094-9.  

[46] Knudsen ES, Knudsen KE. Tailoring to RB: tumour 

suppressor status and therapeutic response. Nat Rev 

Cancer. 2008; 8:714-24.  

[47] Chakravarti A, DeSilvio M, Zhang M, Grignon D, 

Rosenthal S, Asbell SO, et al. Radiation Therapy 

Oncology Group Prognostic value of p16 in locally 

advanced prostate cancer: a study based on Radiation 

Therapy Oncology Group Protocol 9202. J Clin Oncol. 

2007; 25:3082-9. 

[48] Simon GR, Turrisi A. Management of small cell 

lung cancer: ACCP evidence-based clinical practice 

guidelines (2nd edition). Chest 2007; 132:324-39; PMID: 

17873178. 

[49] Herschkowitz JI, He X, Fan C, Perou CM. The 

functional loss of the retinoblastoma tumour suppressor is 

a common event in basal-like and luminal B breast 

carcinomas. Breast Cancer Res. 2008;10: R75.  

[50] Bosco EE, Wang Y, Xu H, Zilfou JT, Knudsen KE, 

Aronow BJ, et al. The retinoblastoma tumor suppressor 

modifies the therapeutic response of breast cancer. J Clin 

Invest. 2007; 117:218-28.  

[51] Sharma A, Yeow WS, Ertel A, Coleman I, et al. The 

retinoblastoma tumor suppressor controls androgen 

signaling and human prostate cancer progression. J Clin 

Invest. 2010; 120:4478-92.  

[52] D’Abaco GM, Hooper S, Paterson H, Marshall CJ. 

Loss of Rb overrides the requirement for ERK activity for 

cell proliferation. J Cell Sci. 2002; 115:4607-16.  

[53]  Dean JL, Thangavel C, McClendon AK, Reed CA, 

Knudsen ES. Therapeutic CDK4/6 inhibition in breast 

cancer: key mechanisms of response and failure. 

Oncogene. 2010; 29:4018-32.  

[54] Rivadeneira DB, Mayhew CN, then gavel C, Sotillo 

E, et al. Proliferative suppression by CDK4/6 inhibition: 

complex function of the retinoblastoma pathway in liver 

tissue and hepatoma cells. Gastroenterology. 2010; 

138:1920-30.  

[55] Michaud K, Solomon DA, Oermann E, Kim JS, et 

al. Pharmacologic inhibition of cyclin-dependent kinases 

4 and 6 arrests the growth of glioblastoma multiform 

intracranial xenografts. Cancer Res. 2010; 70:3228-38.  

[56] Rajendra S, et al. Survival rates for patients with 

barrett high-grade dysplasia and esophageal 

adenocarcinoma with or without human papillomavirus 

infection. JAMA Netw. Open. 2018;1: e181054.  

 

10.1158/0008-5472.CAN-06-2178.
10.1158/0008-5472.CAN-06-2178.
10.1158/0008-5472.CAN-06-2178.
10.1200/JCO.2005.08.034.
10.1200/JCO.2005.08.034.
10.1016/j.ccr.2009.02.022.
10.1016/j.ccr.2009.02.022.
10.1126/science.1116801
10.1126/science.1116801
10.1016/j.ccr.2007.10.017.
10.1016/j.ccr.2007.10.017.
10.1016/j.ccr.2007.10.017.
10.1002/%20(SICI)1096-9896(199911)189:3&#x0003c;358::AID-PATH452&
10.1002/%20(SICI)1096-9896(199911)189:3&#x0003c;358::AID-PATH452&
10.1097/PAS.0b013e31817f9790.
10.1097/PAS.0b013e31817f9790.
10.1097/PAS.0b013e31817f9790.
10.1097/PAS.0b013e31817f9790.
10.1016/j.ijrobp.2009.02.015.
10.1016/j.ijrobp.2009.02.015.
10.1016/j.ijrobp.2009.02.015.
10.1093/jnci/djn011.
10.1093/jnci/djn011.
10.1093/jnci/djn011.
10.1056/NEJMoa0912217.
10.1056/NEJMoa0912217.
10.1200/JCO.2010.29.2904.
10.1200/JCO.2010.29.2904.
10.1200/JCO.2010.29.2904.
10.1158/1078-0432.CCR-09-0787.
10.1158/1078-0432.CCR-09-0787.
10.1038/nrc2401.
10.1038/nrc2401.
V
V
V
V
10.1378/chest.07-1385
10.1378/chest.07-1385
10.1378/chest.07-1385
10.1186/bcr2142.
10.1186/bcr2142.
10.1186/bcr2142.
10.1186/bcr2142.
10.1172/JCI28803.
10.1172/JCI28803.
10.1172/JCI44239.
10.1172/JCI44239.
10.1172/JCI44239.
10.1242/jcs.00161.
10.1242/jcs.00161.
10.1038/onc.2010.154
10.1038/onc.2010.154
10.1053/j.gastro.2010.01.007.
10.1053/j.gastro.2010.01.007.
10.1053/j.gastro.2010.01.007.
10.1158/0008-5472.CAN-09-4559.
10.1158/0008-5472.CAN-09-4559.
10.1158/0008-5472.CAN-09-4559.
10.1001/jamanetworkopen.2018.1054.
10.1001/jamanetworkopen.2018.1054.
10.1001/jamanetworkopen.2018.1054.
10.1001/jamanetworkopen.2018.1054.

